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Soils contain a large global pool of carbon. Mycorrhizal fungi comprise a large fraction of
that pool but are highly dynamic. We utilized an in situ soil observatory to study fungal
dynamics of a California mixed-forest ectomycorrhizal fungal (EMF) ecosystem. Across
2011, we observed fungal hyphae daily using an automated minirhizotron. Simultaneously,
we made continuous temperature, precipitation, photosynthetically active radiation (PAR)
and sap flow measurements. From the hyphal observations, we estimated hyphal net
primary production. We then estimated total net primary production (NPP) and root NPP
using DayCENT, an ecosystemmodel of carbon exchange parameterized for daily to annual
output, for the calendar year 2011. Total NPP was 600 g C m2 with 200 g C m2 fine roots.
The estimated NPP allocated to EMF was 162.6 g C m2 or 27 % of the total NPP. The pro-
portion of the total NPP allocated to EMF based on the Hobbie and Hobbie (2006) N frac-
tionation model, was 34 %. These differing techniques provided similar estimates that can
be refined with additional research and can be used to improve regional and global models
of C dynamics.
ª 2014 The Authors. Published by Elsevier Ltd. All rights reserved.Introduction is measured at relatively high temporal resolution throughoutGlobal climate models depend on accurate measures of
atmospheric carbon (C) fluxes between the atmosphere,
plants and soil in order to predict atmospheric CO2, a key
driver of climate change. Approximately two-fold more C is
found in soils (1 500 Gt) than in the atmosphere (720 Gt) or in
plants (600 Gt) and soils remain one of the great unknowns in
balancing the annual carbon fluxes globally (e.g., Prentice,
2001). In terrestrial ecosystems, flux estimates between the
atmosphere and plant canopies (Net ecosystem exchange, or
NEE) are becoming accurate, at least in flat terrains, using
eddy flux measurements and modeling because the total fluxCC BY license (http://crea
4.
.F. Allen).
uthors. Published by Elsthe year. However, we have a poorer understanding of the
allocation of net primary production (NPP) to roots and soil
(e.g., Treseder et al. 2005a; U.S. D.O.E, 2010; Fransson, 2012).
Aboveground NPP is historically determined by differences in
short-term measurements in standing crop (e.g., Clark et al.
2001). Although that measurement is now often satellite-
generated, such as normalized differential vegetation index
(NDVI), the basic concept remains the same.
Mycorrhizal fungi are critical to budgeting carbon because
they represent a large sink that is generated to increase
uptake of nutrients and water for plants demanded by
photosynthetic rates. Estimates of C allocations totivecommons.org/licenses/by/3.0/).
evier Ltd. All rights reserved.
82 M.F. Allen, K. Kitajimaectomycorrhizas (EM) show a wide range of values in the lab
versus the field. In the field, estimates based on extrapolations
from various methods, range from 38 % using sporocarp
production (e.g., Tranquillini, 1964), to coring and estimates of
root tip fungal mass (Fogel and Hunt, 1983; Vogt et al. 1982),
modeling (Meyer et al. 2010) and isotopic fractionation (Hobbie
andHobbie, 2006). In general, these values run between 15 and
30 % of NPP based largely on fungal sheaths and standing crop
measurements of mycelial mass (see a detailed discussion in
Finlay and Soderstrom, 1992), but the primary weakness
inherent in all of thesemethods is themeasurement of hyphal
turnover. Turnover is either an assumption (e.g., one week to
3 month, see Leake et al. 2004), or determined from root
in-growth cores (Godbold et al. 2006), that represent very dif-
ferent material from the surrounding soil and select amongst
mycorrhizal fungal partners.
A better approach is needed to measure C allocations and
fluxes between soils, plants and the atmosphere. Currently,
measurements of hyphae, mycorrhizas, and fine roots, coring
and extraction show extreme variation in both time and
space. Soil organisms vary dramatically across very small
distances (Allen and MacMahon, 1985; Klironomos et al. 1999;
Belnap et al. 2003). Microbial biomass, microbial N uptake and
soil respiration also change on minute to daily time scales
(e.g., Allen, 1993; Vargas and Allen, 2008a; McFarland et al.
2010). Even the formation of fungal biomass from different
sources show variable turnover dynamics depending on the
source carbon based on isotopic measurements (e.g., Indorf
et al. 2012). These temporal differences may be as large as
spatial variation, particularly following events such as pre-
cipitation. To better understand these temporal dynamics,
minirhizotrons have been employed to track fine roots, EM,
rhizomorphs, and even individual hyphae (see for example,
Majdi and Nylund, 1996; Ruess et al. 2003; Treseder et al.
2005b; Vargas and Allen, 2008b; Hasselquist et al. 2010;
Kitajima et al. 2010; Treseder et al. 2010). However, conven-
tional minirhizotrons require hand collection of the images,
making repeatability difficult and time consuming. Because of
the limitations of hand-held minirhizotron technology,
observations of root, mycorrhizal, or hyphal growth tend to be
infrequent and correlated with meteorological station tem-
perature and precipitation (Allen et al. 2007). Fine root and
hyphal dynamics require more frequent and spatially co-
located measurements of soil temperature (T ) and volu-
metric water content (q). Recent studies show that root growth
should be collected at a scale of days, rather than quarterly or
annually to capture C dynamics of roots and hyphae that
turnover rapidly (e.g., Stewart and Day, 2008; Kitajima et al.
2010). Rhizomorph data are correlated with daily changes in
soil temperature (T ) and water content (q) (Hasselquist et al.
2010). Hyphae are produced and turnover daily (Allen and
Kitajima, 2013) and soil respiration (Vargas and Allen, 2008a,
b) and arbuscular mycorrhizal fungal hyphae show diurnal
dynamics (Hernandez and Allen, 2013).
To address the limitations to studying temporal dynamics
of roots and fungi, in particular, and couple these with
measurements of T, q and stand production and respiration,
we designed a soil observatory system consisting of sensors
for T, q, and CO2, integrated with an automated minirhizotron
(AMR) system. The sensors and AMR were located within thefootprint of plant/canopy measurements of barometric pres-
sure, relative humidity and light intensity measurements, sap
flow, and eddy flux of CO2 and water vapor (Allen and
Kitajima, 2013). To assess the allocation dynamics, sensor
data can be coupled to model outputs. Models such as Day-
CENT (Parton et al. 1998) that provide point assessments of C
sequestration are mechanistic and produce complex outputs,
many of which our robotics technologies can measure both to
provide annual rates of allocation, and to compare at shorter
intervals (Allen et al. 2007; Rundel et al. 2009). We believe that
an integrated modeling and observatory network can provide
a powerful approach to measuring C allocation.
Although coupled observation and modeling approaches
hold promise for estimating C allocations and cycling, an
additional form of validation is needed. In ectomycorrhizal
(EM)-dominated ecosystems, some of the EM fungi fractionate
N, preferentially transferring 14N to the host and retaining 15N
within the hyphal tissue. If this fractionation was coupled to
C/N ratios and NPP to model that portion of N provided to the
host, then the fraction of C allocated from the host to the
fungus could be estimated (Hobbie and Hobbie, 2006). In the
arctic tundra where they tested the approach, the fungi pro-
vided 61e86 % of the N in the plants in exchange for 8e17 % of
the photosynthetic C. In a pin~on pine stand inNewMexico, EM
fungi (EMF) used 20 % of the NPP for hyphal carbon (Allen et al.
2010). As these measurements reflect approximately annual
accumulation, this approach might provide a possible com-
parison to the measurement from the modeling/observation
approach.
We measured root and fungal growth and mortality, and
soil CO2 fluxes, using our robotic automated minirhizotron
(AMR) and soil sensor network at daily time steps to better
characterize the role of events in the dynamics ofmycorrhizas
and fine roots. The data presented represent only a single year
as we are still processing the large numbers of images gen-
erated by this technology.Methods and materials
We used a networked soil environmental observatory that
combines nearly continuous soil monitoring through envi-
ronmental sensors, with daily automated images of soil, roots
and hyphae (e.g., Allen et al. 2007; Rundel et al. 2009; Allen and
Kitajima, 2013). Sensors were deployed in 2005, and all tubes
in place by 2007. This study focused on results from 2011.
Research site
The research was undertaken at the James Mount San Jacinto
Reserve (http://www.jamesreserve.edu), a University of Cal-
ifornia Natural Reserve. It comprises a California mixed
conifer-deciduous forest at 1 500 m elevation (33480300N,
1164604000W). The study site is dominated by ectomycorrhizal
plants, including ponderosa pine (Pinus ponderosa), sugar pine
(Pinus lambertiana), canyon live oak (Quercus chrysolepis), and
black oak (Quercus kelloggii). Manzanita (Arctostaphylos
glandulosa) forms arbutoid mycorrhizas, a derived form of
ectomycorrhiza. Incense cedar (Calocedrus decurrens), which
forms arbuscular mycorrhizas (AM), is nearby, but we did not
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James Reserve lies in the descending edge of the Hadley cell,
the site is a Mediterranean-type climate that is generally arid,
with cool wet winters and long dry summers, but interspersed
with extreme precipitation events including heavy snowfall
and monsoonal rains that drive q. 2011 was a dry year with a
total precipitation of 437 mm, compared to an average of
652 mm (1961e2010), but 2010 had over 900 mm. The soils
comprise a coarse textured weathered granite Entisol over-
laying a weathered granitic regolith.
We surveyed the soil depth and coarse roots across the
study transect using ground penetrating radar (GPR) as per
Stover et al. (2007). The depth to the regolith ranged from
10 cm to 100 cm. In 2003, at the upper end of the study transect
(within the tree stands, Vargas and Allen, 2008a), we organ-
ized four observation locations, each consisting of an above-
ground sensor set to measure T, photosynthetically active
radiation (PAR), and relative humidity, and a three depth soil
sensor network, measuring T, q, and CO2, a manual mini-
rhizotron access tube, and an automated minirhizotron
(AMR). All sensor and observation units were within a 2 m
radius. Locations were along a 40 m transect. Adjacent to
location 3 a sugar pine, a ponderosa pine, and a black oakwere
instrumented with sap flow probes that continuously tracked
water throughput. The entire network was within the foot-
print of an eddy flux tower (Kitajima et al. 2013). The instru-
mentation is described below under sensor network. In the
forest, four AMR units took daily images coupled to co-located
nodes sensor networks. Thesewere located as described along
the AMARSS Transect map at http://ccb.ucr.edu/amarss.html.
Tube locations refer to manual minirhizotron tube locations
(Vargas and Allen, 2008b; Kitajima et al. 2010).
Sensor network
The observatory network of sensors and conventional mini-
rhizotron tubes were deployed in 2003. Each location was
instrumented with a sensor node. This node consisted of an
above-ground meteorological station (HOBOWeather Station)
and belowground sensors. The belowground sensors were
deployed at 2, 8 and 16 cm to calculate fluxes and at depths
encompassing the soil depths comparable to the AMR obser-
vation units. The sensors included solid-state CO2 (Vaisala
CARBOCAP CO2 Transmitter Module), soil temperature (HOBO
Weather Station 12-bit Temperature Smart Sensor), and q
(HOBO Weather S-SMA Station Soil Moisture Smart Sensor).
The 5-min sensor readings were averaged by day and coupled
to a subset of the daily AMR images that were randomly
chosen for analysis. For this study, over 8 million microvolt
readings were calibrated, converted, and summarized using
standard formulations. Additional details can be found in
Allen et al. (2007), Vargas and Allen (2008a,b), and are descri-
bed in our website http://ccb.ucr.edu/amarss.html. The CO2
sensors were calibrated every 6 months after deployment to
ensure the quality of the measurements.
Sap flow was recorded every 30 min with thermal dis-
sipation probes (Dynamax, FLGS-TDP XM1000 and TDP-30).
Two to six 30-mm-long probes were inserted into the sap-
wood of each tree (21 probes total). The probes were insulated
with two or more layers of reflective foil insulation (2 feetwide  1/4” thick) to reduce thermal gradients. The sap flow
[mm d1] was calculated using Granier’s formula (Granier,
1987):
Sap flow rate ¼ 119*3600*24*103*[(DTmax  DT )/DT]1.231,
where, DT is the temperature difference between the heated
and reference probes and DTmax is the DT at zero sap flow.
Soil respiration (Rs) was determined using a CO2 gradient
flux method based on concentrations of CO2 in the soil profile
(Hirano et al., 2003; Tang et al., 2003; Jassal et al., 2005; Turcu
et al., 2005; Tang et al., 2005; Vargas and Allen, 2008a). The
approach relies on identifying the difference in soil CO2
concentrations after applying temperature and pressure cor-
rections at multiple depths and computing the flux based on
diffusion kinetics. A gas diffusivity model is implemented to
calculate soil CO2 efflux by Fick’s first law, where the diffusion
coefficient is based on a gas tortuosity factor. Locally derived
soil parameters for the model were estimated from soil
physical properties and the modeled fluxes validated against
manual measurements using above ground chambers (Vargas
and Allen, 2008a).
Observatory instrumentation: automated minirhizotron
We utilized a robotic automated minirhizotron (AMR http://
www.rhizosystems.com/Home.html) (Allen et al. 2007; Rundel
et al. 2009; Allen and Kitajima, 2013) for observing fine roots
and fungi in situ. Cast acrylic tubes (1 m in length) were placed
at a 40 angle into soil where there was adequate depth
(measured through GPR) in summer of 2007, and AMR units
constructed and deployed in Jan. of 2010. The Pro-Scope digital
microscope camera system in the clear tubewas hot-wired for
continuous capture and remote access to images. To observe
growth and disappearance of hyphae, individual images
(2.5  3.01  0.12 (depth of field) mm, 640  480 pixels at 100
magnification) from a single scan of the AMR are assembled
into a mosaic and visually evaluated using RootView software,
developed for the AMR http://ccb.ucr.edu/lab_protocols.html.
For this study, we focused on sensor/observatory data from
2011. As the actual image digitization analysis is
time-consuming and remains underway, for this study five
windows per day per tube were randomly chosen and pooled
and digitized. Each image has a unique x, y position along the
length of the tube and those images were queried across dates
to produce time-series. Each time-series was uploaded to
Rootfly (Birchfield and Wells http://www.ces.clemson.edu/
wstb/rootfly/), a software application for minirhizotron root
image analysis. Each hypha was digitized and the length and
diameter of the line recorded and quantified by Rootfly. These
annotations were copied to subsequent images and changes
digitized in length, diameter, or new hyphae branches. Total
hyphal length (mm hyphae mm3) within a single window
was calculated for each digitized image (4 035 images). An
additional nearly 4 000 images have been observed for those
images to assess peak values and general trends. Approx-
imately 6 million images are available from this study set for
additional analyses. These details are further described in
Allen and Kitajima (2013).
Biomass was determined from hyphal length and diameter
per soil volume as described by Van Veen and Paul (1979).
More details on the AMR units can be found at two websites,
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units http://www.rhizosystems.com, or the Center for Con-
servation Biology (CCB) website containing detailed protocols,
worksheets, access to all images and a detailed description of
AMR technology http://ccb.ucr.edu/amarss.html.
Identification of soil fungi in the mineral layer
In the summer of 2007, as cores for the tubes for the AMRunits
were taken, the litter layer was removed from the top of the
mineral horizon and soil cores 10 cm deep were taken using a
soil auger (5 cm radius). Soil core samples were transported
back to the lab on ice, where they were stored at 4 C until
processed. DNA was extracted from the soil using the Cetyl-
trimethylammonium bromide (CTAB) method (Gardes and
Bruns, 1993). Depending on the DNA concentration, each
DNA sample was diluted 50e100 fold and the internal tran-
scribed (ITS) region of the nuclear rRNA was amplified using
the fungal specific primer pairs ITSIF and LR3 or ITSIF and ITS4
(Gardes and Bruns, 1993). Purified gel DNA was sequenced
using either LR3 primer or ITS1F primer on an Applied Bio-
system 3 700 DNA sequencer located at the Genomic center on
the UCR campus. The obtained sequences were edited using
the BioEdit program and the species identified by comparing it
to the GenBank database, making use of the BLAST program
from the National Center for Biotechnology Information
(NCBI).
Natural abundance isotope analyses
No sporocarps were found during the dry year of 2011. How-
ever, in 2009, we collected ponderosa pine needles, soil and
fungal sporocarps. Isotopic signatures of d13C and d15N were
measured by mass spectroscopy (Delta-V Advantage isotopeFig 1 e Mosaic and individual image from a James Reserve Aut
hyphae, rhizomorphs, and soil particles is 2.5 3 3.01 3 0.12 mm
software, developed for the AMR http://ccb.ucr.edu/amarss.htm
website http://ccb.ucr.edu/amarss.html.ratio mass spectrometer operating in the continuous flow
mode http://ccb.ucr.edu/firms.html). Data are reported in
conventional delta notation, defined as per mil (&).
Data availability and analyses
All imagery and datasets are available at the CCB website
http://ccb.ucr.edu/amarss.html. Total hyphal length was
digitized and measured within the observable window
(0.903 mm3). To date, we have digitized 4 035 images across
four AMR tubes (see Allen and Kitajima, 2013). We also
observed an additional 4 000 images during periods of
expected no growth or mortality. While the undigitized
observations have not been interpolated into the data ana-
lyzed for NPP, they helped in determining time periods when
turnover occurred. Because each image has a different
amount of initial hyphae, for graphical purposes we show the
relative hyphal length. Here, relative hyphal length (RHL) was
calculated as the hyphal length per window proportional to
the maximum hyphal length for that window at some time
during the year.
To generate the total carbon allocations, we modeled total
NPP and root NPP using DayCENT parameterized for 2011
conditions at the James Reserve (Parton et al. 1998).Results
We analyzed the daily dynamics of fungal hyphae using the
robotic AMR unit (Fig 1). Because the hyphal length per image
is so large, digitizing takes considerable time. Therefore, for
this paper, we randomly chose and digitized 5 windows per
tube per day through 2011. All dates have not yet been com-
pleted as we focused during spring and fall images toomated Minirhizotron (AMR). The individual image, with
(depth). Images are organized into mosaics using RootView
l. All descriptions and images are available at the CCB
Fig 2 e An automated minirhizotron (AMR) image of a
Russula sp., likely maculata group (A), and a P. ponderosa
extracted EM root tip infected with R. maculata (B) and a R.
maculata sporocarp (C) from the research site.
Fig 3 e Relative length of hyphae (length per frame/maximum
Reserve through 2011. Shown are individual relative hyphal leng
shown are the changing average sap flow rates (an indication of
Ectomycorrhizas in a California forest 85maximize detection of change, and some individual dates
were lost due to power loss at the station and upgrading of
software. Nevertheless, we have already observed over 8 000
images and digitized 4 035 images from this set. Although
these models and analyses are preliminary, this dataset rep-
resents extensive in situ data on hyphal dynamics.
The EM fungi found in the mineral soil and sequenced
included Cenococcum sp. complex (AY394919, AY112936,
DQ179119, AY112935, DQ132821), Boletus dryophilus
(AY185913), Rhizopogon brunsii (AY971841), Genabea cere-
briformis (DQ206864), Lactarius sp. (AY228358), Tomentella sp.
(AF430289), an unknown species of Altheliaceae (EU046063)
and an unknown taxon in the Elaphomycetaceae
(UDB000092). Also present was an unknown Penicillium sp.
(AF125937), a saprotroph. AM fungi were not observed in the
AMR tubes at these locations or picked up in any sequences
from these locations. Some of the EM tips identified in images
were morphologically similar to EM fungi found in nearby
sites in the San Bernardino Mountains. As an example, these
included Russula maculata group (Fig 2).
Seasonal fluctuations were observed through the year
(Fig 3). Although hyphal length dynamics varied among loca-
tions, the relative hyphal lengths followed a similar general
pattern through the year; high initially during winter whenlength per frame) from the study transect at the James
ths for 4 AMR units and the averaged relative lengths. Also
plant activity), T, q, and soil CO2 efflux, or Rs through 2011.
Fig 4 e Production and mortality of fungal hyphae during 2011, in response to soil T and q at 8 cm depth. The variation was
very high. These data show that there are precipitation events following which hyphae are produced and mortality occurs.
These conditions might be better modeling tools than overall T or q correlations.
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spring, low during summer drought, and rapidly increasing
with each late summer and fall monsoonal storm. Mortality
occurred simultaneously with production (Fig 4) and some
hyphae died and re-grew within a matter of days. This makes
individual hyphae complex. Some hyphal biomass occurred
across the entire range in T, but peaked at intermediate to
high T with an intermediate q.
In Jan., the hyphal lengthswere highestwith high q and low
T. As soil dried out and warmed up, hyphal mass slowly
declined (Fig 3). Mortality continuously occurred, but hyphae
never completely disappeared, even during the extreme dry,
hot summer. Rs also remained relatively high even well into
the drought when soil temperatures peaked. Rs declined in
early autumn following the extended drought when T was
maximum. With late summer and autumn monsoons (as
shown in q (Figs 3 and 4)), hyphae and Rs rapidly increased
producing the new hyphae that would persist through the
next winter. Overall, the average relative hyphal length never
dropped below 30 % of the peak high for all tubes.
The hyphal dynamics also occurred temporally with sap
flow activity, indicating water throughput in the plant, and
soil affected root andmicrobial activity, as reflected in the soil
CO2 efflux, or Rs.Both production and mortality tended to occur as distinct
events, not uniformly through the year (Fig 4). Production,
especially, largely followed precipitation events although
mortality was more extended during the drought. Yet, despite
the mortality caused by snowfall and drought, EM fungal
hyphae persisted. Two examples are shown. During the Jul.
drought, when soil temperature was maximal, q less than
10 %, and sap flow a minimum, EM fungal hyphae remained
extensive and active (Fig 5). Soil respiration also remained
high (Figs 3 and 4). Under snow, when soil temperature was
minimal, EM and EM fungal hyphae were active (Fig 6).
Although only single images are shown, both locations could
be tracked for several weeks (data not shown). Rs was low, but
measurable during these stress periods (Fig 3).
During the active growth phases, individual hyphal growth
rates can be surprisingly high. Some individual hyphae were
observed growing as much as 800 mm1. Nevertheless, the
average hyphal lifespan for this ecosystemwas 48 d. This was
longer than expected. Many hyphae grew then rapidly died
shortly after production, but many hyphae persisted through
mortality events, succumbing only after a second, or third
event. During periods of relative stasis, most hyphae
persisted.With a 48-d lifespan, for carbon balance, thatmeans
7.6 generations per year. However, mortality exceeded
Fig 5 e Rhizomorphs and hyphae emanating from an EM root tip, imaged using our AMR. This particular network persisted
during the entire year of 2011, and the image was taken during the peak drought period (Jul. 2011).
Ectomycorrhizas in a California forest 87production from mid-Apr. to Jul., resulting in a low overall
mass through the dry period, and production exceeded mor-
tality during Sep. andOct., especially during autumn rains and
stepping up of q (Fig 2).
The peak standing crop, calculated from hyphal lengths,
was 19 g C m2. Based on the observation that approximately
78 % (14.3 g C m2) of the peak mass persisted from Jan.
throughApr., and again fromNov. throughDec., we calculated
that 3.2 generations, or 45.8 g Cm2 was produced. During the
dry season, we observed little turnover and so assumed one
generation of 6.7 g C m2. The dry down period and autumn
re-growth period was a period of mortality and rapid
production, respectively.
During these active times, we estimated a declining
(spring) and increasing (autumn) biomass, for a total NPP of
30 g C m2. Overall, from these measurements, we estimated
that the external hyphal mass NPP was 82.6 g m2.
Using the DayCENTmodel (Parton et al. 1998), the total NPP
was 600 g C m2 for 2011. Of that, root NPP was 200 g C m2.
Fine root tips could comprise as much as 80 % fungal mass,
with a smaller fraction at the 2nd or 3rd order branch
(Pregitzer et al. 2002). We previously observed morphologi-
cally, that approximately 40 % of individual fine roots at this
site comprise EM fungi (Allen et al. 2002), and as EM root and
fungal tips are simultaneously constructed, we assumed that
40 % of “fine root” NPP was fungal. This value is in con-
cordance with that found by Harley (1959), used by Vogt et al.
(1982) in constructing stand-scale mycorrhizal biomass, and
not different (in terms of significant figures) from the 38 %
biovolume estimate reported by St€ogmann et al. (2013). Thus,the estimated internal EM fungal hyphal mass was 80 g m2.
Together we calculated that EM external and internal fungal
hyphae represented 162.6 g m2, or 27 % of the total NPP.
To provide an alternative method for comparison, we
modeled C allocation using the two EM sporocarps found at
the site during 2009. The soil d15Nwas 1.0&. Needle d15N of the
ponderosa pine, the dominant tree, was 4.9&, whereas the
d15N of a Cantharellus sp. sporocarp was 10.6&, and Rhizopogon
sp. sporocarp was 9.1&. These data indicate a significant
fractionation of N isotopes by these two EM fungi. The C/N
ratio of the needle tissue was 50. The C/N ratio of these
sporocarps was 18. Using the Hobbie and Hobbie (2006) model
for allocation, we estimated that 5.2 g N m2, or 43 % of the N
in the trees came from the EM fungi, which in turn required
208 g C m2, or 34 % of the NPP.Discussion
Our observations show that mycorrhizal fungal hyphae are
both dynamic and sensitive to environmental conditions. In
the California mixed coniferous forest, hyphae appear most
sensitive to q, although T must be within a low-to-moderate
range. Hyphae grow and die constantly, but growth primar-
ily occurs at any T if there is adequate q, primarily following
summer and fall monsoonal precipitation events. Mortality
was more broadly distributed across the season, but was
especially notable following freezing events or precipitation
events that were preceded by drying soils. Both growth and
mortality overlap. Whether these are simply due to hyphae
Fig 6 e An EM and emerging hyphae imaged by our AMR from under snow. Although aboveground sensors failed to show
activity, as diffusion was limited by the snowwater, CO2 built up under the snow as root and fungal activity remained high.
88 M.F. Allen, K. Kitajimasurviving for longer periods, or dying and being replaced by
new taxa as conditions change is still under analysis. This
becomes a critical question underlying the role of biodiversity.
California’s Mediterranean-type climate means that most
precipitation occurs in late autumn through mid-spring, but,
at these higher elevations, this period also means snow is a
large part of the precipitation. Here, mycorrhizal hyphae and
fine roots remain active under snow. As snow melts, patches
open up, warming the soil creating a period with high soil
moisture. This is a secondary period with rapid hyphal
growth, but also high mortality and turnover.
Subsequently, as soil warms and dries out, the finer
hyphae disappear. During the hottest times, soil tends to be
extremely dry. But, tree roots andmycorrhizas tap deepwater,
supporting both plants (Hubbert et al. 2001) and mycorrhizas
(Kitajima et al. 2013). Some hyphae remain throughout the dry
period, sustained by hydraulic lift (Querejeta et al. 2003, 2007).
Those hyphae initiate rapid re-growth with the autumn rains.
The average lifespan was 48 d, longer than expected. From
those calculations, we estimated the total NPP, root and
internal EM fungus NPP, and extramatrical EM fungal hyphal
production. At the site with a modeled NPP of 600 g C m2 for
the conditions of 2011, 200 g C was allocated to root
production. Assuming that 40 % of that C was allocated to the
internal EM, then 80 g m2 was allocated to the fungi within
the EM fine root tissue. Based on our measurements,
82.6 g m2 was allocated to the external hyphae for a total
fungal NPP of 162.6 g m2, or 27 %. This compares with a 34 %
allocated to EM fungi, based on isotopic d15N fractionation.
Both figures are preliminary as more hyphal observations are
needed to take full advantage of the AMR capabilities, andmore EM fungi need to be studied for their fractionation,
particularly in these semiarid-forests. However, the NPP esti-
mates from the production and turnover dynamics and the
isotope fractionation are similar enough to provide at least a
preliminary estimate of EM NPP. These data suggest that the
potential for both a better understanding of the fungal
dynamics in situ, and modeling projected change should be
dramatically improved with these approaches.
Mycorrhizas are a substantial part of the soil C budget.
These fungi form a critical bridge between soil and plant roots
by encasing the short roots in an EM fungal mantle, and
extending up to 20 m. Between 10 and 35 % of net primary
production (NPP) is allocated to mycorrhizal fungi (Finlay and
Soderstrom, 1992; Treseder et al. 2005a; Allen et al. 2003).
Closing the C loop may depend upon generating better pro-
duction and mortality rates of hyphae. Production and mor-
tality of roots andmicrobes are known to be highly variable. In
the lab, AM fungi turnover occurred within days (Friese and
Allen, 1991; Staddon et al. 2003). In the field, Rs is tightly
coupled to daily rhythms (Vargas et al. 2010). EM and fine root
turnover varies from days to months and EM root tips can
disappear within days, or persist for several years (Majdi and
Nylund, 1996; Ruess et al. 2003; Treseder et al. 2004; Kitajima
et al. 2010). Rhizomorphs survive for months and sometimes
years, but most persist through a growing season (Allen et al.
2003; Treseder et al. 2005b). However, we know little about the
lifespans of individual hyphae (Hasselquist et al. 2010;
Treseder et al. 2010).
In trying to examine howdiffering ecosystemswill respond
to climate change, we need to better understand the fine-scale
drivers of soil ecosystem inhabitants and dynamics. Soils are a
Ectomycorrhizas in a California forest 89large sink globally of carbon and, increasingly recognized as
both sources and sinks of carbon, depending on the temper-
ature, moisture, and vegetation activity of a site. EMF form a
large and dynamic biomass pool in forested ecosystems. More
and better coupling of soil observatories and sensors break the
“black-box” that has dominated extrapolation of soil pro-
cesses between fine-grained mathematical growth functions
(e.g., Falconer et al. 2011; Hopkins and Boswell, 2012) and
large-scale ecosystem models (Parton et al., 1998), and will
provide better resolution of source/sink strength and
conditionality to ecosystem modeling.
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